Important research progress into the mechanisms of Clostridium perfringens associated 24 diseases (CPAD) has been slowed by the lack of a reliable infection model. Wax moth 25 larvae (Galleria mellonella) have emerged as a viable alternative to traditional mammalian 26 organisms since they are economic, survive at 37°C and require no specialist equipment. 27
48
Introduction 75 76 Insect models have been shown to be helpful in our understanding of the virulence of 77 bacterial pathogens in humans (Tsai et al., 2016) . Insects share some similarities with 78 mammalian processes and possess a basic innate immune system (Ramarao et al., 79 2012a) . Non-vertebrates are not associated with the same ethical considerations as the 80 use of mice or other vertebrates (Peterson et al., 2008) . Although some alternative 81 invertebrate models of infection have been developed i.e. Bombyx mori (silkworm), 82
Manduca sexta (tobacco hornworm), Drosophila melanogaster (fruit fly), Danio renio 83 (zebra fish) and Caenorhabditis elegans (nematode) (Browne et al., 2013) ; the larval stage 84 of the Greater Wax moth (Galleria mellonella) has emerged as an insect model of 85 particular value since it survives at 37°C, which is essential for demonstration of specific 86
Larvae were purchased from Live Foods UK (Rooks Bridge, Somerset UK). Upon arrival, 153 they were stored in wood shavings, at room temperature, in the dark. To avoid sampling 154 biases, larvae with any signs of melanisation or deformity were rejected. Larvae were 155 weighed and only larvae meeting the criteria of 250mg ± 50mg were utilised. Prior to all 156 injections, all larvae were immobilized by submerging the 24 micro-well plate (Fisher 157 Scientific, UK) in ice for 15 minutes. An automated syringe pump (KD Scientific, US) was 158 supplied with the drawn 1mL syringes and set to administer 1µL/s for 10 seconds. A safety 159 restraint device was used, outlined by Dalton et al., (2017) . To minimise adverse effects, 160 larvae were injected into the right posterior proleg. A melanisation scoring system adapted 161
from Senior et al., (2011) is shown in Figure 1 and employed throughout. Results were 162 obtained longitudinally by the use of a novel image capture system. Briefly, the system 163 was constructed with a benchtop incubator, with transparent sides and top (Stuart 164 Scientific SI140). Images were recorded by a Logitech 15MP camera coupled with time-165 lapse software (SkystudioPro). For each experiment, images of the larvae were recorded 166 every 10 minutes for 72 hours. 167 168
Pathogenicity screening 169
Nineteen C. perfringens environmental isolates from a variety of sources (Table 2) were 170 prepared for inoculation as shown above. Ten larvae were challenged with 10µl of 10 7 171 CFU/mL. Each experiment included ten larvae injected with 0.1% peptone water as 172 controls. Larvae were placed in Petri dishes lined with greaseproof paper to allow for 173 greater contrast in images. All groups were incubated aerobically at 37°C and survival 174 recorded after 72 hours. The experiments were repeated in triplicate and an average 175 survival result recorded. 176 8 178 179
Dose dependent challenge 180
In dose dependent studies, larvae were prepared by placing one per well in 24 micro-well 181 plastic plates (Fisher Scientific, UK). All larvae were treated identically to ensure injection 182 and isolate continuity throughout. ATCC ® 13124 TM , JBFR014 and JBCNJ055 were 183 investigated by preparing a dilution series of each isolate and larvae were injected with a 184 dilution of 10µL of washed cultures ranging from approximately 10 3 to 10 7 CFU/mL. In 185 addition, 24 larvae were injected with 10µL of 0.1% peptone water as negative controls. All 186 six plates for each isolate were recorded simultaneously within the image recording 187 system described previously. The larvae were incubated for 72 hours at 37°C. Images 188 were taken every 10 minutes for 72 hours. Melanisation scores and mortality were 189 recorded at 0,12, 24, 36, 48, 60 and 72 hours post injection. All experiments were 190 repeated in triplicate and average scores recorded. 191
192

Haemolymph extraction 193
Twelve larvae were challenged with 10µL of approximately 10 7 CFU/mL of JBCNJ055 194 washed culture and twelve larvae injected with 10µL of 0.1% peptone water as controls. 195
All larvae were incubated at 37°C simultaneously for 72 hours. At 24 hour intervals post 196 challenge, three larvae from each group were placed into separate sterile 15mL centrifuge 197 tubes (Fisher Scientific, UK) and submerged in ice for 15 minutes for immobilization. Haemolymph was extracted by removing the posterior two segments and bleeding into a 199 sterile pre-chilled 1.5mL micro centrifuge tube (Eppendorf, UK). 25µL of extracted 200 haemolymph was transferred into 75µL of 50mM PBS (pH 6.5) (Gibco, UK) then briefly 201 vortexed and centrifuged to pellet the cells at 11,180xg for 10 minutes at 4°C. The supernatant was transferred into sterile 1.5mL tubes. Samples were processed within 15 203 minutes of extraction to avoid melanisation. 204
Phenoloxidase activity 205
Phenoloxidase activity was measured using a microplate enzyme assay (Eleftherianos et 206 al., 2008) . Briefly, a reaction mixture containing 115µL of 50 mM PBS (pH 6.5) and 10µL 207 haemolymph plasma was prepared. 25µL of 20 mM 4-methyl catechol (Sigma, UK) was 208 added as enzyme substrate and 2µL of 10mM Escherichia coli LPS (Sigma, UK) was 209 added to controls. Plates were subjected to 1 hour of low agitation (25RPM) at room 210 temperature to activate endogenous pro-phenoloxidase prior to addition of the substrate. 211
The change in absorbance was read at 490nm for 1 hour at room temperature with a 212 reading taken every 60 seconds using a plate reader (Fluostar Optima). Each reaction was 213 repeated in triplicate. 214 215 216
Histopathology of Galleria samples 217
Groups of three larvae were injected with 10µL of approximately 10 7 CFU/mL of 218 JBCNJ055 and incubated at 37°C for 72 hours. Control groups were injected with 10µL of 219 0.1% peptone water. At 36h post-injection larvae were immobilised by submerging in ice 220 for 15 minutes. Larvae were injected with 150µL of 10% neutral buffered formalin (Fisher 221 Scientific, UK) (for internal fixation) until turgid and stored in 10% neutral buffered formalin 222 for 36h prior to routine tissue processing. Larvae were laterally dissected and both halves 223 embedded into wax blocks. Tissue sections (5µM) were cut by routine methods, mounted 224 on glass slides and stained with either H+E, Masson Fontana, or Gram stains. Sections 225 were imaged using light microscope (Zeiss Primostar) and a 1080p camera (Mitotic). UK) and incubated for 6 hours, aerobically at 37°C. Broth dilution MIC assays were 230 produced in microtiter plates and prepared with ranges from 128µg/mL to 0.25µg/mL of 231 penicillin G, bacitracin, tetracycline, gentamicin and neomycin. MICs were recorded as the 232 lowest concentration of antimicrobial agent that completely inhibits growth turbidity 233 compared with positive controls where antibiotics were omitted. MIC testing was repeated 234 in triplicate on three separate occasions. 235 236
Antibiotic Therapy 237
As positive controls, 24 larvae were challenged with 10μL of approximately 10 7 JBCNJ055 238 culture followed by an injection of 10μL of sterile dH 2 O. A further 24 larvae were injected 239 with 10μL of the same inoculum with a second 10μL injection of either penicillin G 240 (2mg/kg), bacitracin (64mg/kg), tetracycline (64mg/kg), or neomycin (2400mg/kg). Injected 241 concentrations are shown in Table 3 . Treatment injections were administered within 15 242 minutes of the bacterial injection. Dosages were chosen to equate with greater than 10x in 243 vitro MIC. All larvae were subjected to toxicity testing prior to therapy trials (data not 244 shown). Finally, 24 larvae were injected with 10μL 0.1% peptone water as negative 245 controls (Oxoid, UK). Larvae were incubated simultaneously at 37°C for 72 hours. 246
Morbidity and mortality scores were recorded at 0, 12, 24, 36, 48, 60 and 72 hours post 247 injection. All experiments were repeated in triplicate and average scores recorded. 248 249
Statistical analysis 250
The data from each repeat was pooled. Analysis for dose dependent challenges was 251 conducted using Kaplan-Meier survival distributions and tested for statistical significance 252 using the Log rank (Mantel Cox) test (pooled over strata). Enzyme activity was analysed using Mann-Whitney U tests due to non-normal distribution in the data. All tests were 254 carried out in SPSS, 24 (IBM). Larvae which succumb to the infection exhibit nodulation, blackening of the cuticle and 266 eventually death. Figure 3 shows the rate of development of infection appears dependent 267 on inoculum size as melanisation score increases rapidly with increasing inoculum doses 268 of JBCNJ055. Kaplan-Meier survival distributions for each bacterial inoculum of JBCNJ055 269 were significant when compared using the log-rank (Mantel-Cox) test (pooled over strata) 270 (P<0.001). Survival probability appears dependent on the number of organisms injected 271 ( Figure 4 ). An inoculum size of 10 5 CFU /larvae was required for 73.3 ± 6.66% survival 272 and induced melanisation (>3) in >80% of the population. 10 4 CFU/larvae produced 79.2 ± 273 7.2% survival however <30% of the population exhibit melanisation scores higher than 2. 274 Further dilutions (10 3 ; 10 2 ; 10) produced >90% survival. Injection with 10 5 CFU/larvae of 275 JBFR014 did incite melanisation in ~40% of the population however survival remained at 276 >90%. Injection with lower dilutions (10 3 ; 10 2 ; 10) resulted in no visible blackening of the 277 larvae. Interestingly, injection with 10ul of 10 7 CFU/mL ATCC ® 13124 TM C. perfringens did 278 not cause visible disease to the larvae within the 72 hour window investigated. 279
Melanisation did occur at the site of injection however no further immune response was 280 visually observed. Survival remained above 95% at each inoculum group investigated. 281
The results of the phenoloxidase assays are shown in Figure 5 and shows differences 284 between the control and inoculated groups but not at a significant difference level. 285
Infected groups demonstrated a melanisation score of 3 ± 0.8 at 48 hours post inoculation 286 compared to no melanisation in 0.1% peptone controls. were observed associated with tissue remnants. 294 295
Antibiotic therapy 296
No melanisation or death of larvae was observed with any antibiotics in the absence of 297 infection prior to therapy trials (data not shown). Table 3 shows penicillin G to be the most 298 effective agent in vitro against JBCNJ055 (MIC: 0.18μg/mL) however in vivo larval survival 299 was reduced by 7.5% compared with controls. Interestingly, Figure 7 shows that the 300 penicillin G treatment resulted in a rapid onset of melanisation compared with controls. We 301 have observed a potent systemic melanisation in >80% of the larvae in under 60 minutes 302 after the treatment dose was administered. Injection of penicillin G alone was not sufficient 303 to cause this potent reaction. Both tetracycline and bacitracin were effective against C. 304 perfringens JBCNJ055 in vitro (MIC: 1.56μg/mL). In vivo, tetracycline increased larval 305 survival by 7.5% whereas bacitracin greatly increased larval survival by a remarkable 306 the least effective in vitro (MIC: 60μg/mL) alongside a reduction in larval survival in vivo of 308 11.3%. 309 G. mellonella is becoming a well established in vivo model for virulence studies of a 312 number of important microbes and is gaining momentum in the literature as more 313 pathogens are investigated. The advantages of an insect model over mammalian studies 314 in terms of ethics, speed and research cost are becoming apparent with increasing data 315 (Jander et al., 2000) . The time lapse features developed here allows for reduced labour 316 inputs although it is not possible to physically manipulate the larvae, a common practice in 317 assessing larval mortality (Peleg et al., 2009; Harding et al., 2013; Beeton et al., 2015) . 318
This has been overcome in the present study by classifying dead insects by a melanisation 319 score of 4 (Table 4 ) coupled with no movement for 20 minutes (2 frames). Time-lapse 320 methodologies however increase precision by reducing intermittent 12 hour observations 321 to 10 minute increments. The increase in precision is of benefit when studying pathogens 322 with rapid disease progression. Inherent bias in the manual scoring of the video should be 323 noted but this can be reduced by our current development of an automated melanisation 324 recognition system utilising the time-lapse feature which will allow for a more robust and 325 standardised scoring system and reduced processing time . 326 327 Galleria mellonella and Clostridium perfringens 328 C. perfringens is a ubiquitous organism, with a potential arsenal of toxins and hydrolytic 329 enzymes associated with pathogenicity (Petit et al., 1999) . The anaerobic pathogen is 330 economically devastating to the global food industry and is estimated to cost the poultry 331 sector alone over $6 billion (USD) per year (Wade and Keyburn, 2015) . We have shown 332 for the first time C. perfringens is pathogenic towards G. mellonella larvae although the 333 degree of pathogenicity is distinct between isolates. The differences in pathogenicity of 334 isolates may be due to differing toxin expression or unaccounted environmental factors which are thought to play a major role in mammalian CPAD (Borda-Molina et al., 2018) . 336
Equivalent inocula of C.perfringens were generally required to produce larval death which 337 was consistent with other bacteria that have been studied such as Campylobacter jejuni 338 (10 6 CFU/larvae Yersinia pseudotuberculosis (10 6 CFU/larvae) and Clostridium difficile 339 (10 5 CFU/per larvae) (Senior et al., 2011; Champion et al., 2009; Nale et al., 2015 340 respectively) . Previous studies have highlighted that penicillin G induces high levels of oxidative stress in 358 the midgut of G. mellonella (Büyükgüzel and Kalender, 2007) which may predispose the 359 larvae to disease. Neomycin was the least effective agent and the reduction in larval 360 survival is likely due to disruption of native microbiota allowing for proliferation of opportunistic pathogens with little or no effect on invading C. perfringens. Tetracycline and 362 bacitracin are both equally effective in vitro against JBCNJ055 but the efficacy of bacitracin 363 in vivo is likely due to the more bactericidal nature of bacitracin against Gram-positive 364 organisms in comparison to the broad spectrum but bacteriostatic tetracycline. 365 366 G. mellonella is becoming a powerful alternative model for the investigation of bacterial 367 pathogenicity and we have shown for the first time its use in the investigation of C. 368 perfringens infection. The mode of pathogenicity of C. perfringens in G. mellonella remains 369 elusive and further investigation is required to determine the factors surrounding the 370 progression of the disease. We have also devised a methodological advancement which 371 may increase the speed of research further. We consider that the larvae model is unlikely 372
to replace the mammalian model in physiological studies of disease or pathogenesis but 373 will be a useful development to characterise pathogen virulence in important strains and 374 perhaps allow pre-screening of antimicrobials against pathogens before embarking on 375 expensive and demanding mammalian clinical trials. Scoring system is as follows: 1 = healthy, 2 = <50% melanisation, 3 = >50% melanisation, 516 4 = dead. Data shown is pooled from three distinct repeats and error bars represent 517 standard deviation. Injection with 10µl of 10 7 JBCNJ055 was required to cause potent 518 melanisation resulting in scores higher than 3. Survival percentages of G. mellonella after 519 inoculation with 10μL of a range of dilutions 10 5 -10 CFU/mL of Clostridium perfringens 520 JBCNJ055. Average of three repeats and error bars show standard deviation. 521 Haemolymph from larvae infected with 10μL of 10 7 JBCNJ055, was assayed for phenol 528 oxidase activity and compared to controls. Error bars show standard deviation. Slight 529 differences can been seen between infected larvae and controls although not significant.
Reduction in enzyme activity is likely due to haemocyte loss but no increase in enzyme 531 expression may indicate a degree of immune modulation. 532 
